With the vast number of government programmes around the world supporting virtually every phase of biofuels, there is a strong commitment towards the development of these fuels. However, our current knowledge base of biofuel production, marketing and environmental impact is filled with uncertainty. To shed light on the uncertainty, especially from a US perspective, this review of the biofuel economic literature attempts to determine the most fruitful areas of economic research. As a foundation, it is currently accepted that the US maize-based ethanol industry is sustainable with present government incentives and regulations, while cellulosic-based ethanol is not. Thus, without major new government incentives it is unlikely the USA will achieve goals set by various energy policy acts. The literature indicates a governmental system approach is required which advances biofuels to markets. Such an approach integrates research, regulatory initiatives and education. In terms of the food versus fuel issue, markets are very responsive to price shocks which will mitigate food inflation. However, market gyrations will occur, which will negatively impact the world's poor. With government incentives and regulations, the short-run future of biofuels is bright, while in the long run, biofuels will contribute to, but are unlikely to dominate, our future fuel supply.
Introduction
Biofuels are prominent in current discussion both as a solution to problems and as a creator of problems.
Gardner and Tyner [1] Biofuels, an abbreviation for bioorganic fuels, are liquid transportation fuels made from renewable recently living biological materials (biomass). Their production involves the two main stages of crop production (biomass) and crop conversion (refining) into liquid fuel (biofuel). Crop production yields sugar and starch, oilseeds and cellulose. Refining into fuel yields ethanol and biodiesel as the major liquid biofuels. Of these two biofuels, the most common US biofuel is maize-based ethanol which is used primarily as a petroleum fuel (gasoline) oxygenate additive to reduce harmful air emissions or to boost octane. Although the European Union is the world leader in biodiesel [2] , biodiesel is just beginning to establish a US market as a biofuel substitute for petroleum diesel. Within the USA, biodiesel is mainly produced from soybean oil and blended with diesel at levels of 20% or less [3] . With petroleum-based gasoline representing the major vehicle fuel and the USA being a major consumer of this fuel, both interest in and actual refining of ethanol make it the primary biofuel, with biodiesel trailing in comparison. Thus, it is not surprising that the bulk of economic analysis is on US ethanol as an alternative biofuel. This review will reflect the bias towards US ethanol, but keep in mind that many of the results and implications will apply to other biofuels in other countries and the world as well. Biofuels are touted as an ideal alternative vehicle fuel. They are an alternative to non-renewable petroleumbased fuels, support national security through lower dependence on foreign oil supplies, potentially lower fuel prices, burn cleaner, promote rural economic development, and address the problems of surplus agricultural production with associated low grain prices. However, with the automobile and gasoline industries on a long-run petroleum-based fuel trajectory, some large shock is required for a shift in trajectory towards alternative renewable fuels, otherwise network externalities (the value an automobile manufacturer places on gasoline increases as other manufacturers base their power drive on gasoline) will prevent such a shift [4] . This is supported by investigations conducted in the 1980s, just following the initiation of the US ethanol excise tax exemption, which indicated that without substantial increases in the real price of oil or subsidy levels, ethanol would become unprofitable. Policy-makers may face repercussions for having provided incentives to invest in fuel-ethanol capacity, an investment that, in the long run, may prove unprofitable [5] .
In an effort to avoid potential problems with biofuels, important issues currently facing the US ethanol industry require investigation. One set of these issues includes implications of alternative incentive schemes for the production of renewable fuels, the impact on US agriculture, and methods for the production and harvesting of energy crops [6] .
As an aid for a greater penetration of commercial markets by bioproducts, a systems approach which advances bioproducts to the market is warranted. Such an approach integrates research, testing, regulatory initiatives, product development and commercialization, public sector incentives, financing and educational programmes [7] . A foundation for such a system requires an assessment of current knowledge within bioproducts. As one segment of this assessment, the current state of the literature on biofuel economics is provided.
The economics of biofuels has a number of facets, from an economic evaluation of biofuel government incentives and regulations to an evaluation of future research areas with the greatest potential to solve biofuel issues, constrains and adoption. As a framework for reviewing the literature, the economic literature on biofuel government incentives and regulations is first addressed. With this as a foundation, biofuel economic feasibility studies are surveyed followed by the literature investigating the price and market effects of biofuel adoption. Studies on the major biofuel issues of rural development and food versus fuel are then discussed.
Biofuel Government Incentives and Regulations
Hundreds of government programmes exist to support virtually every stage of refining and consumption of biofuels. Investment incentives vary from government loans, which generally shift the risk of default to the government, to price subsidies which enhance a biofuel refiner's revenues. Regulations on a national scale involve import tariffs, to protect emerging biofuel refineries from international competition, and easing local zoning restrictions in favour of biofuel refining. These myriad of programmes result in many independent decisions at different levels of government yielding policies that are often poorly coordinated and targeted [8] .
As an example, consider the US Alternative Motor Fuels Act of 1998. This act provides credits to automakers in meeting their Corporate Average Fuel Economy (CAFE) standards when they produce vehicles capable of using various blends of biofuels with gasoline (flex-fuel vehicles). An emerging blend is E85 (85% ethanol blended with 15% petroleum-based gasoline). However, these credits are not contingent upon the actual use of ethanolblended fuels and thus have resulted in little ethanol fuel increases [9] . Most flex-fuel vehicles operate with little or no blended ethanol and as a result are factory optimized for petroleum-based gasoline [8] . Instead, it created a loophole for automakers to meet the CAFE standards with lower fuel economy [10] .
The CAFE loophole illustrates poorly coordinated and targeted government programmes, while research indicates that for biofuel refining, especially biodiesel refining, to grow further and contribute to significant displacement of fossil energy, maintaining or increasing governmental support is required [2] . This suggests Pareto-efficient improvements can be achieved by developing a coordinated set of government policies and programmes directed at biofuel refining.
Literature on the economics of biofuels provides a foundation for developing such coordinated programmes by assessing existing ones. For such an assessment, energy conservation should be a goal for agriculture as well as for all other sectors of the US economy. It is important that government incentives and regulations to promote adoption of renewable energy provide long-run incentives to achieve more energy efficiency [11] . In this vein, a programme that has received considerable evaluation is the US Energy Tax Act of 1978, providing ethanol blends a 40 cents per gallon exemption on the federal motor vehicle fuels tax. In 2005, the exemption was modified into a volumetric ethanol excise tax credit (VEETC) of 51 cents per gallon. Replacing the ethanol tax exemption with a tax credit eliminates the wealth transfer effect on the highway trust fund allocation across states [12] . Biodiesel received a fuel tax credit similar to that of ethanol under the American Jobs Creation Act of 2004. Biodiesel blenders receive a credit of one dollar per gallon of biodiesel made from oil crops and animal fats [13] . The US excise tax credits for ethanol and biodiesel are major contributors to the fuel price and profitability of these industries [6] . European Union policies to promote biofuel production and use are similar to those of the US [14, 15] .
Economic evaluations indicate that the market for fuel-based ethanol is heavily dependent on federal incentives and regulations. Considering the lower efficiency of ethanol relative to gasoline, ethanol is generally more expensive, so the federal tax incentive (subsidy) of 51 cents per gallon, fuel ethanol tariff of 54 cents, state-sponsored refinery tax credits, and/or government fuel standards are required for ethanol to be pricecompetitive. Federal regulations require ethanol or another oxygenate to be blended with petroleum-based gasoline in non-air quality containment areas. With groundwater contamination from the previous most common oxygenate (methyl tertiary butyl ether (MTBE)) being a major problem, and no associated liability protection from adding MTBE, ethanol is replacing MTBE as an oxygenate on a national scale [16, 17] . However, prior to MTBE contamination problems, ethanol could dominate the US Midwestern oxygenate market through the federal incentives [18] . Although the 2005 US Energy Bill eliminated the oxygenate requirement, it did not eliminate fuel air quality standards. To meet these standards, fuels are still being oxygenated with ethanol, which is thus replacing MTBE as the chief oxygenate [16, 17] . As an oxygenate, many energy analysts expect ethanol in the USA to remain a complement to, rather than a substitute for, petroleum for many years to come. Thus, ethanol subsidies may not be the most appropriate policy to address energy security concerns [8] . However, in Brazil, ethanol can be considered as a substitute for petroleum, with almost three-fourth of all vehicles sold in Brazil being flex-fuelled.
To address energy security concerns, the US Energy Independence and Security Act of 2007 sets a required goal for refiners to replace 36 billion gallons of gasoline with biofuel by 2022. Without these incentives and regulations, the fuel ethanol industry would consist of a regional Midwest market [16, 17] . Theoretically, such an ethanol mandate can yield the same result for producers as the subsidy [19] . However, in a market where vehicle manufacturers, fuel suppliers and consumers all make decentralized independent decisions, the efficacy of governmental policies to reduce the dependence of the US transportation sector on petroleum is highly dependent on the world price of petroleum. The penetration of alternative fuels depends on the fuel infrastructure. Government policies can effectively provide incentives which allow alternative fuels to compete in the market. Without major new government incentives it is unlikely the USA will achieve or approach their goals set by the various energy policy acts [9] . As an example, the goal of the USA replacing 30% of conventional fuel use with alternative fuels by 2010, set by the US Energy Policy Act of 1992, is not likely to be achieved.
Welfare Effects
Once enacted, these government incentives and regulations usually come under little scrutiny and are rarely repealed, which raises equity concerns [20] . With regard to maintaining these incentives and regulations, politicians and associated interest groups have incentives to limit and distort the information that is released to voters. In terms of biofuels, there are current and past efforts to disguise the actual costs and benefits of the ethanol subsidy [21] .
An evaluation of ethanol fuel's costs and benefits on maize prices, but not the other external effects, reveals ethanol subsidies pay for themselves [22] . If ethanol dampens fuel prices, there can be a net welfare gain from the ethanol subsidy [23] . Research indicates that the growth in ethanol production may have caused retail gasoline prices to be $0.29 to $0.40 per gallon lower [24] . This welfare gain could result by promoting biofuels for energy diversification [25] . Establishing a portfolio of fuels through diversification will alleviate dependence on one fuel and thus reduce overall fuel-price volatility, which fosters economic growth. However, pursuing a policy of self-sufficiency in fuel production will not necessarily deliver these energy diversification benefits. Restrictions on world trade are damaging, so government interventions in commodity pricing, such as ethanol subsidies, typically offer at best short-run solutions to price volatility and introduce new distortions to the economy [20] . Furthermore, considering the ethanol subsidies in conjunction with US farm price supports in a benefit/cost analysis indicates the ethanol subsidies are unlikely to generate a net welfare gain [19, 26] . Research has demonstrated a combination of policies, including recycling revenue from taxation on a fuel as a subsidy for biomass technologies, can improve welfare more than purely a subsidy or tax [27, 28] .
Theoretical comparison of the effect of three different US government policies (crop target pricing, acreage controls and ethanol subsidies) on the welfare of maize producers, ethanol refiners and taxpayers reveals both maize producers and ethanol refiners gain from either an ethanol subsidy or maize-deficiency payment. Acreage controls, on the other hand, make maize producers better off and ethanol refiners worse off. From a distributional perspective, maize producers gain relatively more from deficiency payments and ethanol refiners gain relatively more from an ethanol subsidy. However, ethanol subsidies are possibly more appealing to maize producers than crop supports as they create price discrimination that results in a percentage of the maize crop generating more revenue by shifting demand into a less pricesensitive ethanol market [19] . Removing the biodiesel and ethanol tax credits along with the ethanol tariff, but maintaining the renewable fuel standard, results in a fall in commodity prices and associated decline in farm income [29, 30] . In general, all policies which provide biofuelrefining incentives have a positive impact on farm income, while the impact on consumer surplus will vary [31] .
Empirical consideration of the possible environmental, fuel security and rural economic development external benefits of the ethanol tax credit reveals only the rural economic development benefits to be the major justification [32, 33] . In fact, considering these external benefits, the ethanol subsidy probably should instead be a tax [33] .
Given the current federal mandates for renewable fuel production, the ethanol subsidy has outlived its usefulness [16, 34] . The policy has raised farmland prices, led to private industry investments in new ethanol refineries (which once in place will be very difficult politically to stop supporting), and while possibly increasing jobs in the rural Midwest, may also shrink the economies and decrease jobs elsewhere. By supporting the ethanol industry, governments may be creating entitlements that will be later politically impossible to rescind [32] .
Regardless of the welfare impacts of biofuel subsidies, economic theory indicates negative external costs should be corrected through taxes that internalize these costs, rather than subsidies for non-externality-generating alternatives. A case in point, carbon taxes are more appropriate to counter global warming than biofuel subsidies [31] . However, providing tax exemptions for biofuels is attractive in countries, such as in Europe, with high fuel taxes [35] . However, countries with low taxes are not in a position to provide adequate reductions [8] .
In contrast to taxing external costs, biofuel subsidies adversely affect government revenue unless ethanol tax credits generate increased maize prices with a resulting elimination of direct farm payments. In this case, the US Treasury has resultant savings from ethanol tax credits [23] . This possible adverse revenue effect has spawned proposals before the US Congress to create variable-rate subsidies that would decline as petroleum prices rise or a multi-part subsidy with one part for energy security, part for greenhouse gases, and possibly another part for cellulosic ethanol [8, 36, 37] . Alternatively, adopting a variable-rate ethanol subsidy that varies with the price of maize could result in US Treasury savings and still provide a mechanism which insures refiners against possible adverse changes in the relative prices of maize and ethanol [38, 39] .
Biofuel Economic Feasibility
The various US and Canadian government incentives and regulations have resulted in grain-based biofuels becoming competitive with fossil-based fuels [6, [40] [41] [42] . Ethanol refining is profitable with a favourable ethanol to maize price ratio. Total crop-producer plus refiner profits can be improved by internalizing vertical externalities through an integrated producer/refiner enterprise and careful refinery site selection [43, 44] . In terms of site location, availability of feedstock dominates the site selection decision relative to access to navigable rivers, railroads or product markets [45] . The efficient plant size is likely to continue to increase, further capturing economies of size [43, 44, 46] . The rapidly increasing size and scale of ethanol and biodiesel plants make it increasingly difficult for grain producers to fund these investments [47] . All such investments in grain-based biofuel refineries are not necessarily feasible. Even a well-located ethanol refinery will experience times of difficult operating conditions. Experienced managers and technicians may be difficult to find, and risk-management strategies are critical in pricevolatile markets [43, 48] . A Canadian case study indicates an integrated feedstock-wheat-ethanol-livestock operation with subsidies will lose money approximately half to two-thirds of the time and without subsidies would lose money two-thirds to three-quarters of the time [49] . Finally, producer electrical cooperatives' experience with biofuels indicates there are still some practical cost, availability, and performance constraints to their widespread use [42] . Economic analysis indicates that it is technically feasible to co-fire both feedlot biomass and litter biomass in existing coal power plants with decreased emissions. However, handling and transportation cost has to be reduced to make it economically feasible without requiring a subsidy [50, 51] . It also has been shown that cogeneration of steam for generating electricity and biomass conversion to ethanol yields increased efficiency compared with alternative standalone ethanol refining [52] . In the case of anaerobic manure digesters, higher cost of generation and market barriers remain big challenges [42] .
For biodiesel, its high costs and inconvenience because of a poor distribution infrastructure and engine warranties concerns present market barriers [42] . A comparison of operating costs for transit-system buses considering biodiesel, compressed natural gas (CNG), methanol and petroleum diesel indicates although biodiesel has higher total costs than petroleum diesel fuel, it has the potential of competing with CNG and methanol as fuels for urban transit buses [53] . The biodiesel fuel tax credit under the American Jobs Creation Act of 2004 will reduce these market barriers and improve the feasibility of biodiesel.
Cellulosic
In contrast to the feasibility of grain-based biofuels, given government incentives and regulations, cellulosic-based ethanol has major economic and technical hurdles to overcome before it can be competitive with maize-based ethanol [38] . If these hurdles are overcome, the development and adoption of cellulosic-based biofuel technologies may negate some comparative advantages of grain-based biofuel producers [54] . This will create additional challenges as the ethanol industry shifts from the Midwest to the southeast, where cellulosic-based biofuel may have a future comparative advantage [47] . As an example, Texas cellulosic-based ethanol has a higher probability of financial success than feed grain-based ethanol [55] . With such a potential shift, this may create irreversible investment costs in abandoned maize-based ethanol refineries that local communities will have to address.
Research indicates that large biorefineries are necessary to achieve process economies for cellulosic-based ethanol refining [56] . The cost of delivering a large http://www.cababstractsplus.org/cabreviews continuous flow of biomass will depend critically upon the logistics of procuring, harvesting, conditioning, storing and transporting [54, 56] . The logistics are coupled with high transaction costs of contracting with a large number of biomass producers, potential market power issues and local environmental impacts [56, 57] . Unfortunately, the physical infrastructure for biomass is generally an unknown [58] . Unlike grain feedstocks, there is no handling and storage system already in place that can be expanded to meet the new demand for ethanol production. Thus, prior to investing in a biorefinery, it would be prudent to contract biomass production to ensure a reliable flow. Research is being directed towards finding solutions to these constraints. One option is the development of a network of regional biomass pre-processing centres that form an extended biomass supply chain feeding into a biorefinery. The advantage over a traditional centralized refinery is lower feedstock and byproduct transportation costs [56] . For a mature cellulosic biomass production process, production, harvesting and transportation may be centrally managed and coordinated resembling a vertically integrated timber production and processing business [59] .
Once the logistics and technical efficiency of refining of cellulosic-based ethanol are addressed, the most pressing issues of pricing and regulatory infrastructures must be resolved. They serve an important role of underpinning warehouse receipts and producer financing. Some type of commodity grades and standards will be necessary to permit trading. Setting standards or some type of certification schemes may also ensure that biofuels are produced in a sustainable manner [60] . The European Commission is currently developing sustainability criteria for biofuels. Results indicate that certification schemes cannot serve as the only safeguard for sustainable biofuels [61] . An alternative is vertically integrated ethanol production in some fashion so that the responsibility for quality is internalized. In general, there are major infrastructure constraints on current maize-based and future cellulosic-based US ethanol production [58] .
If the US is successful in reducing the costs of biofuels to become competitive with fossil-based fuels, macroeconomic models indicate that the USA would experience a net welfare gain. Substitution of biomass for fossilbased fuels will reduce the importation of crude oil and spear rural economic development [62] . However, considering the current cost of biofuels, there is a loss in efficiency, resulting in a decline in welfare [63] . If the rapid technological development of cellulosic alternatives is to be promoted without subsidies matching those given to maize-based ethanol, then the incentives currently favouring maize-based ethanol should be lowered [34, 64] .
Economic analysis on the types of biomass most appropriate for cellulosic-based biofuel indicates perennial switchgrass is the highest-yielding perennial and annual sorghum has the lowest cost per tonne of biomass [65] . However, the high potential for soil erosion from sorghum adds environmental costs. Overall analysis of production costs, energy balance and environmental impacts of potential biofuel crop systems indicates that there are advantages and disadvantages of all of the main alternative systems (alfalfa (lucerne), maize and switchgrass). It is thus likely that cellulosic-based ethanol feedstock production will consist of a variety of crop systems that meet the economic and environmental conditions of different regions and individual producers within those regions [66] . Research is currently being conducted to improve on the production of biomass for biofuel. One example is targeting lower costs with the commercial production of switchgrass [67] . In terms of reducing the cost of biomass, it is unlikely cost reductions will come from land, storage or harvest costs. The most likely cost reductions will occur through increases in yields [59] . With these cost reductions, analysis of the potential to supply 25% of the projected 2025 US transportation fuels indicates sufficient biomass resources are available to meet increased demand while simultaneously meeting food, feed and export demands [68, 69] . Cellulosic-based ethanol could in the future satisfy 50% of the US vehicle fuel demand [70] . Analysis indicates several locations around the USA with sufficient quantities of maize stover at reasonable costs to produce bioenergy and bioproducts [45, 68] . With a relatively modest change in land use and agricultural and forestry practices, biomass for cellulostic-based ethanol could increase over six times from current levels [71] .
Environmental Effects
The above forecast of biofuel supply is not currently feasible. Perennial grasses, such as switchgrass and miscanthus, for ethanol refining are not currently competitive with fossil-based fuels. This may suggest a role for public policy in inducing greater production and use of these biofuels. Pricing of carbon emissions or a cap on carbon emissions from fossil-based fuels could create a value for producing biofuels that mitigate those carbon emissions [72] and result in positive impacts on net farm income [73] . With such a policy, there is economic potential of biofuels for greenhouse gas emission mitigation [74] [75] [76] [77] [78] . However, at low carbon prices, reduced soil tillage and afforestation are more cost-efficient [78] . In fact, research indicates that net greenhouse gas offsets from policies are uncertain [31] , leading to recent scientific articles questioning if biofuels reduce greenhouse gas emissions relative to fossil-based fuels [22] . Recent results suggest maize-based ethanol, instead of producing a 20% saving, nearly doubles greenhouse emissions over 30 years. Biofuels from switchgrass, if grown on US maize lands, increase emissions by 50% [79] . With this greenhouse gas uncertainty, a controversy currently exists. As research reveals a clearer picture of the role of biofuels in greenhouse gas emissions, this controversy will subside.
As an example, the effect of biofuels on greenhouse gas emissions depends on how they are produced. If produced by converting existing agricultural or virgin soils, emissions may increase; whereas biofuels produced from waste biomass or grown on degraded lands with perennials may offer greenhouse gas reductions [80] .
In terms of forest rotation, using forest as biofuel will reduce the rotation length unless carbon storage is considered. When the carbon value of the forest is also considered, the rotation length is extended beyond the length of not using the forest for biofuel [81] .
Recent research is turning to other environmental impacts of biofuels besides carbon offsets and net energy gains. The impacts from biofuels on human health, soil quality, biodiversity and water are receiving increased attention. The current generation of biofuels, derived from food crops, is intensive in land, water, energy and chemical inputs [31] . With maize acreage possibly expanding into the non-renewable Ogallala aquifer, which lies under portions of eight western states, this would result in promoting a renewable fuel that requires a nonrenewable input [8] . Such policies and subsidies do not reflect the marginal impact on welfare or the environment [31] . As biofuel continues to increase in acreage, marginal and environmentally sensitive lands will be brought into production such as Conservation Reserve Program (CRP) lands in the USA, set-aside lands in Europe, and tropical rain forests in Indonesia [31, 82] . Research is emerging on the impact each type of biofuel uniquely has on our environment [31] .
On a global scale, biofuels will accelerate the conversion of virgin forest to crops. However, considering the land supply elasticities, much less of such conversion may result, forcing instead intensification of production especially on pasture and grazing land [83] . For the USA, the USDA has recently developed long-run projections of changes in the agricultural sector from ethanol expansion [84] .
Brazil
The other major source of ethanol is sugar-based ethanol refined in Brazil. Trading with Brazil can provide a stable and reliable situation for sustainable production of fuels, become a source of additional income and increased employment, and may contribute to the sustainable management of natural resources. However, a multitude of different barriers currently exist, hampering the development of international biofuels trade [85, 86] .
Considering Brazil with sugar-based ethanol and the USA with maize-based ethanol under ideal conditions and state-of-the-art US technologies without any ethanol tariffs, there are cyclical periods of cost advantage for both countries [87] . However, in general Brazil has a comparative advantage, if not an absolute advantage, in the refining of ethanol and continues to invest and expand sugar-based ethanol with a global strategy focused on enhancing exports to Asia and Europe [14, 30, 34, 54, 88] . The USA is increasingly trading an export in which it has a tremendous comparative advantage (maize) for a product in which it has a comparative disadvantage (ethanol) [14, 64] . US maize-based ethanol is then vulnerable to limit-price competition from Brazil sugar-based ethanol. Without federal support, US ethanol refiners may find it difficult to compete with cheaper sugar-based ethanol [89] .
Brazil's historical efforts to substitute petroleum fuels with biomass have a record of successes [90] . Essentially in the last decades of the twentieth century, Brazil purchased an insurance policy, the Brazilian National Alcohol Program, with its investment in sugar-based ethanol. If in the twenty-first century oil prices remained low, the policy would not payoff, but Brazil had the energy security just in case. Events in the first part of this century have allowed Brazil to cash in on this insurance policy [91] . In the years 1978-1987, the feasibility of Brazilian ethanol programme was questionable given the large subsidies and the high price of ethanol versus fossil-based fuels [92] . However, with the current and sustained high world petroleum demand and oil production peaking within this mid-century, record prices and associated volatility are forecasted to continue throughout this century. The Brazilian shift to ethanol appears to be a very feasible long-run investment [93] .
In the pursuit of ethanol fuel, Brazil did not have a longrun plan, but instead it was an ad hoc response to a particular set of market conditions, including a depressed sugar industry, an ambitious attempt to reduce oil dependence, and recently a range of 'green' arguments [90] . From 1975 to 1987, Brazilian ethanol production exhibited a constant returns-to-scale technology in sugarcane production. Thus, expansion in sugarcane production relied on techniques and technology that have not changed significantly in the past two decades. During this time period, the contention that new varieties and methods of farming had contributed to the observed decline in unit costs of sugarcane production is not empirically supported. It appears falling real wages were the motivating force behind observed cost reductions [94] . The high labour intensity of sugarcane production in Brazil results in very few other investments, leading to a comparable increase in employment. The expansion of sugar-based ethanol led to a rise in concentration of land ownership with the evictions of subsistence peasants [95] .
In contrast to the 1970s and 1980s, Brazil has in the last decades experienced reductions in the cost of sugarbased ethanol production with the development of new sugarcane varieties, more efficient use of bagasse (sugarcane residue from ethanol refining) for electricity generation, increases in fermentation efficiency, optimization of business operations, and improvements in harvesting and transportation [20] . Other countries are attempting http://www.cababstractsplus.org/cabreviews to follow Brazil's energy independence. South Africa is realizing the advantages of job creation, rural development, saving foreign exchange, and improved fuel security with domestic ethanol production [96] , and biodiesel refining is feasible from palm oil which is produced primarily in Malaysia and Indonesia [97] . Even within the USA, as imports threaten to undermine the US sugar programme, sugarcane producers have a viable alternative to diversify their income streams with ethanol production [98] .
Adoption
In summary, with current governmental incentives and regulations, production of biofuel from sugar, starch and oilseeds is feasible, while from cellulose is not [31, 99] . However, if the probability of an oil embargo and oligopoly pricing are taken into account, cellulosic-based ethanol could also be competitive with fossil-based fuels [20, 100] . In a portfolio context, biofuel blends offer the potential of reduced price volatility which when taken into account supports the adoption of these blends [101] [102] [103] . Current US vehicle-fuel policies yield an efficient portfolio of ethanol and fossil-based fuels on the price-variance efficiency frontier. However, current US policies, either implicitly or explicitly, are generally minimizing the expected price at the expense of high fuel-price volatility. Shifting to policies with a relative higher percentage of ethanol fuel yields an upward movement along the efficiency frontier with reduced fuel-price volatility, but at a cost of higher prices. Given the major external costs (greenhouse gases, oil dependency, air quality, congestion and accidents) of vehicle fuels, the cost of higher fuel prices from reducing volatility may instead be socially desirable [104] .
Benefit/Cost of Government Incentives/ Regulations

Market Effects
Higher fuel prices are not necessarily the only price effects from an increase in biofuels. An early study of the effect ethanol refining has on enhancing maize prices, indicates it is smaller than previously modelled [105] [106] [107] , suggesting ethanol subsidies may be less efficient as a method for aiding farm income [5] . This prediction of a great responsiveness by American agriculture to increase prices is not surprising in view of its historical ability to adjust to shocks [107] . Similarly, in Brazil, oil prices are found to determine the long-run equilibria of both sugar and ethanol prices, with sugar prices influencing ethanol prices but not the other way around [108] .
The long-run effect of ethanol refining on the US maize price is driven mostly by the price expectation of fossil-based fuels. The effect of ethanol refining is arguably small on both crop price level and variability [109] . However, new independent ethanol plants have increased local grain prices [110] , while maize-producer-owned ethanol refineries or farmer cooperatives appear not to influence the local price as a result of maize supply price guarantees [111] .
The surge in US ethanol demand as ethanol supplants MTBE as an oxygenate resulted in fuel blenders paying a price premium for ethanol above the prevailing price of fossil-based fuels. However, as ethanol production satisfies this oxygenate demand, the price premium could erode away [112] . These cash ethanol-price enhancements may also be mitigated using cross-hedging opportunities or an ethanol future contract [113] . A large and long-run increase in ethanol demand may ultimately correspond to higher retail prices at the meat and dairy counter, higher livestock prices, an increase in the price of maize and soybeans, and more acres planted with maize [112] . Because of increases in US maize-based ethanol production, a 40, 20 and 17% increase in maize, soybean and wheat prices, respectively, by 2016 is predicted [79] . However, the underlying cause of higher prices may not be ethanol prices but instead the higher price for fossilbased fuels. It is predicted the expansion of maize for ethanol and soybeans for biodiesel can be accommodated without major increases in acreage, and higher maize and soybean prices will have minimal impacts on retail food prices [114] . While recent research suggests major acreage shifts are expected with the conversion of pastureland and CRP land into cropland [115] . Similar major acreage and price shifts are also expected with additional biodiesel refining [116] . Most of the additional maize acres would come from reduced soybean acreage. The demand for biotech maize varieties that allow for continuous maize production would increase dramatically as would the demand for maize, soybean and wheat varieties that can be grown on marginal areas [117] . Use of marginal lands for energy would increase the intensity and competition with pasture and land use values. The conversion of pasture and forested farmland may be a long-run proposition, taking 15-20 years after a prolonged period of high energy and biomass prices. More biomass supply from commercial cropland could also be obtained at moderate price increases and without extensive increases in land values [118] .
Stochastic simulations indicate that additional ethanol production capacity does result in increased maize prices with reduced prices for ethanol, maize by-products, and soybean meal [119] . However, this increase will be transitory with only a slight increase in maize prices [115] . The relatively large level of production of distillers' dried grain with solubles (DDGS) from ethanol refining available for livestock feed points to some decline in domestic consumption of grains and oilseed meals. Any decline would make domestic maize available for ethanol refining, which would moderate the potential price impacts on maize and soybeans [120] .
Rural Development
For agricultural producers, ethanol offers the classic value-added strategy [121, 122] . In case studies of the rural development effect of ethanol refineries, jobs are enhanced, with a large employment multiplier effect, along with enhanced net farm income [54, [122] [123] [124] [125] [126] . On a perunit-of-energy-delivered basis, biofuels are more labour intensive than other energy technologies [31] . However, the impact on gross domestic product and employment does differ widely for alternative biomass technologies [27, 28] . The relatively high sunk costs, leading to the lack of market contestably in ethanol refining, result in an ethanol refinery once established being rooted in the community, which offers more long-run sustainability relative to a more contestable activity. However, there are risks which make the long-run viability uncertain [54, 127] . Cellulosic biomass replacing maize indicates a general shifting of the industry from the US Midwest to the southeast. Any removal of governmental incentives and regulations will depress the biofuels industry. Petroleumbased refineries may shift to other fuel oxygenates or cheaper and cleaner fuel without ethanol. Industry consolidation into large regional refineries may result in local refinery closings. The local ethanol refining externalities including water, infrastructure demands, emissions, congestion and accidents should be taken into consideration [122] . In general, uncertainty remains regarding the sustainability of maize-based ethanol refining. Higher energy costs have a disproportionately larger impact on rural households than urban households. Rising crop prices lead to higher feed costs and cash rents, and are capitalized into land values. As maize prices surge, incentives to find other feedstocks increase [54] . The extent to which biofuel programmes can contribute to rural development is dependent on the characteristics of the industry (scale, modernity and integration) and ultimately whether it is able to become financially viable without direct government support [20] .
To date, federal and state incentives and regulations have been significant in establishing ethanol refineries in rural communities. However, as primary maize production areas become saturated with ethanol refineries, less attractive rural areas will be considered, with these rural communities being asked to invest in their future through financial support and social acceptance of local ethanol production [128] .
Food versus Fuel
As early as 1983, research indicated the potential of ethanol over the next decades to be very disruptive to the US and world food sectors. If this materializes, the costs of the programme may be greater than the benefits, given the increase in world hunger [129] . Biofuels may compete for renewable and non-renewable resources and thus impact its sustainability and that of food [31, 130] . Over time, an expanding biofuel market will provide producers a choice of producing food for people or fuel for automobiles. Economics suggests they will produce whichever is more profitable [131] . As an example, at current petroleum prices, deriving biodiesel from palm oil seed is profitable but creates a food versus fuel security issue for Malaysia and Indonesia [97] , and large increases in domestic biofuel refining would result in the US becoming a net importer of food as opposed to an importer of oil [132] . US government incentives and regulations favourable to biomass refining, rather than investing in basic research and development for conservation and renewable sources of energy, enhance the profitability of biofuels over food [64] . With the current US government incentives and regulations, the food versus fuel choice is tilted towards fuel [132] .
The impact of producing biofuels from food crops will be greater on food prices than energy prices [22] . Specifically, food prices have recently been rising rapidly around the world, sparking political unrest. Food prices are increasing faster in developing countries, where people living in poverty devote over half of their income to food [131, 133] . The spillover effect of rising food prices has renewed interest in the establishment of foodmarket restrictions. Recently, countries have increased food subsidies, established price controls, and restricted exports. This aggravates the already high price of food and spawns major market inefficiencies. Biofuels are partly responsible for food inflation, but not the sole cause [133, 134] . A speculative bubble in food prices may now exist, which, if so, in the near future may deflate. This is particularly true if a US and global economic downturn occurs [133] .
People most vulnerable to the price hikes brought on by the biofuel boom will be those in countries that suffer both food deficits and import oil. Most of the 82 lowincome countries with food deficits were also net oil importers [133, 135] . Countries where maize is the major food grain will experience larger increases in food costs, while countries with rice as the major food will experience less of an increase. Countries where wheat and/or sorghum are the major food grains fall in between. Consequently, the highest percentage increases are observed in Sub-Saharan Africa and Latin America. The lowest percentage increases are in Southeast Asia [136] . However, in Asia, current biofuel programmes are competing with food for the raw materials. With most Asian countries food-importing, countries are looking to biofuel programmes which do not compete with food security. It is expected that the introduction and development of second-generation (cellulosic) biofuels can mitigate the competition between food and energy security [137] .
This food versus fuel issue may be further mitigated as productivity gains for maize have averaged nearly 3% over the last several decades. Furthermore, ruminant animals, such as beef and dairy cattle get more nutritional value http://www.cababstractsplus.org/cabreviews out of feed made from ethanol coproducts than out of other feed [138] . This further supports the result of agricultural markets being very responsive to price shocks [107, 139] , which will tend to mitigate food inflation. However, at least in the short-run, market gyrations will occur, which will negatively impact the world's poor [138] .
Future of Biofuels
In the coming years, many government and market choices will be made which will hasten or retard US agricultural progress towards greater energy production and efficiency [134] . As far back as 1994, economists realized ethanol economics will depend on technological improvements, agricultural conditions, governmental incentives and regulations, and environmentally based but regulation-determined demands [140] . Currently, ethanol's contribution to reducing US dependence on foreign petroleum is marginal [64] . However, US agriculture will respond to real energy price incentives. Agricultural producers will change what and how to produce, when they produce it and where [11] .
Biofuels are increasing as a share of the liquid fuel market [141] , and this increase depends significantly on government incentives and regulations [16, 17] and on the price of gasoline. Ethanol currently commands a premium as an octane enhancer and oxygenate. However, if the fuel industry shifts towards alternative fuel additives, such as alkylates, this price premium will evaporate and ethanol prices will gravitate towards the energy equivalent of fossil-based fuels [141, 142] . Without these US government incentives and regulations, it is likely the industry would shrink to its pre-replacement of MTBE regional market [16, 17, 129] . In contrast, if US ethanol costs can be reduced, the agricultural sector can play a significant role as a source of sustainable fuel supply yielding substantial gains in farm income and savings in government programmes. Given the geographic decentralization of the production of feedstock, these economic gains are projected to accrue throughout the USA [143, 144] . However, this may result in a possible shakeout of the biofuels industry with mergers and acquisitions of agribusiness and energy firms [31] .
This potential shift in ethanol demand will have major effects on maize producers [16, 17] . In the short-run, maize prices increase as a derived demand for ethanol production, while in the long-run, maize prices will decline to their historic long-run trend as production in the form of yield enhancements and increased acreage respond to the ethanol price shock [141] . However, food prices may become more volatile with ethanol production shocks. Maize demand for ethanol will decline if the second-generation ethanol production, cellulose-based biofuels, becomes commercially viable. In the long-run food prices should be minimally affected by increased ethanol production. With the exception of livestock products, agricultural commodity prices are a small fraction of food costs and grain prices will adjust towards their long-run equilibrium [141] .
Particularly for cellulosic-based ethanol, logistical and transportation infrastructure are major hurdles to overcome for a sustainable biofuels industry [141, 145] . This is in addition to technical advances, including yield improvements and enzyme cost reductions that are required before cellulosic-based ethanol becomes economical [118] . An alternative to (or in conjunction with) developing second-generation ethanol would be reaping gains from trade if distortions in the US ethanol market were eliminated and the US then imported ethanol from Brazil [101, 146] . Brazil has tremendous potential to export sugarcane-based ethanol worldwide [139] . An elimination of the current US tariff on ethanol imports, through possible expansion of the Central America Free Trade Agreement (CAFTA), would enhance the use of renewable fuels in the USA, but at the expense of domestic maize-based ethanol and possible cellulosebased ethanol [30, 34, 101, 141] .
For biodiesel, with the new excise tax credit and current prices, biodiesel has an opportunity to compete in the petroleum diesel fuel market as a fuel extender and a lubricity additive. However, the US supply of feedstock fats and oils will limit biodiesel to a small part of this potential market [147, 148] .
As the information technology of the biofuels industry continues to evolve, competitive forces will spur efficiencies and dynamic growth. Enhanced access to factor and product markets among mid-sized fuel ethanol firms arising from the adoption of information technologies may improve their competitiveness [149] . However, as economic theory indicates, early adopters will reap the economic surplus.
Comparing the benefit/cost ratio of the US maize-based ethanol subsidy with alternative programmes, specifically the EPA's Green Lights programme (which promotes grid efficiency) and the World Bank's Photovoltaic Market Transformation initiative, yields a positive ratio for the alternative programmes with a zero for the ethanol programme [150] . Third generation biofuels, which are still in the research stage (using substances such as algae or even feedstocks generated by biotechnology), may in the distant future offer a positive benefit/cost ratio [133] .
Given government incentives and regulations, it is likely in the short-run that the use of biofuels will continue to grow. The literature on bioenergy indicates this growth should be viewed not as a replacement for petroleum, but as an element in a portfolio of renewable sources of energy [25] . Coherent and mutually supportive environmental and economic policies are required to encourage the emergence of a globally dispersed biofuels industry that will pursue a path of sustainable development [151] . Given this lack of a comprehensive biofuels programme and rising petroleum prices, some energy analysts have advised a moratorium on proposals for increasing or extending subsidies to biofuels [8, 127] . This may be particularly warranted given the environmental uncertainty of large-scale conversion of biomass to fuel on soil quality, water resources, and overall greenhouse gas emissions, and on food security.
Biofuels will contribute to but are unlikely to dominate the future fuel supply [152] . The near future of our vehicle transportation system is in hybrid vehicles. Within a decade, plug-in hybrid electric vehicles will replace the current generation of hybrids. It is estimated that if the entire US vehicle fleet is replaced with plug-in hybrids, the nation's oil consumption would decrease by 70%, completely eliminating the demand for imports [153] . In the future, as the internal combustion engine shrinks as a vehicle power source, biofuel gasoline blends may be used to fuel it.
Future Research
Any new energy source must fit into current systems and maintain reliability at competitive cost; a substitution which is seamless. Policy-makers have to be willing to commit resources to utilization and integration, not just to development of sources [121, 154] . With these resources, economic research will reveal the efficient dynamic portfolio of biofuels which yields a reliable and cost-efficient integration of our energy demands and supplies. A commitment of resources to economic analysis will yield more precise estimates on the logistics of producing, harvesting, storing, transporting and providing a continuous flow of feedstock for biorefining. Economic analysis can then be employed to estimate its feasibility [155] .
Such a commitment will also aid in the challenge of developing econometric assessments of biofuel policies. Previous studies are either theoretical or simulationbased, which limits our ability to extract economic statistical inferences for policy analysis. With a commitment, future research can address the problems of short time series for biofuels, difficulties in isolating the influence of a single policy, difficulties in determining causality, and extending policy analysis to environmental implications [1, 31] . Furthermore, quantitative analysis of the environmental benefits and costs of biofuels compared with fossil-based fuels appears limited [1] . Previous research is uncertain if the net environmental benefits of biofuels are even positive, with limited if any knowledge of their magnitude [1, 31] . Currently, statistical time series models are being used to address some of these problems [89, 104, 156] .
These and other improvements on the theoretical and empirical tools used to address the economics of biofuels will enhance our predictions of the policy effects and the feasibilities of biofuels. Programming models which approximate market prices and quantities when regulations constrain markets, static models replaced by dynamic models which capture the interactions between agricultural and energy markets, and models addressing the risk and uncertainty of policies and biofuel investments will be developed [31, 157] . In terms of risk and uncertainty, case studies indicate considerable ethanol and maize price volatility [158] . This suggests future development of real options approaches with stochastic ethanol and maize prices in determining when to undertake an ethanol refinery investment. Attention should be directed towards the factors leading to the adoption of biofuels [31] .
Some previous research results indicate the potential of the USA to supply a major portion of its energy from biofuels, leading to a reduction in world petroleum prices [31] . Such a partial equilibrium analysis is limited and can lead to a false sense of future biofuel security. Future research instead should consider, in a general equilibrium analysis, how biofuels fit into a portfolio with other alternative energy sources.
Additional attention on the industrial organization of the biofuels industry is warranted [1, 159] . These economic studies should emphasize the role of market structure to determine the likely distribution of biofuel benefits along the supply chain [31] . It is likely that on a global scale the net economic benefits of ethanol subsidies are negative and possibly substantial [1] . Without understanding the market structure of biofuels such statements may not be very definitive. Specifically, research on biofuels should consider agricultural commodity distortions associated with government support for domestic producers [8, 20] . In terms of rural development, biofuel programmes should be integrated in a broader context of investment in rural infrastructure and human capital formation [20] .
An improved understanding is required of the dynamics and international trade flows of biofuels and commodities in order to determine the distributional costs, benefits, and associated risk of filling a gas tank instead of a stomach. The impacts of creating biofuels in developing countries on this food versus fuel issue require attention [31] . Economic models are required in support for establishing international cooperation in developing second-generation biofuels [137] , such as how to transfer the Brazilian learning curve to other developing countries. Physical capital can be transferred relatively easily, while human capital in the form of entrepreneurial and managerial skills will be a challenge. Interestingly, no country has been able to launch a domestic biofuels industry without active government support, so it is important to carry out a proper economic analysis [20] . Parallel research is required on developing international standards and certification systems to ensure the sustainability of biofuels [61] .
In terms of cellulosic-based ethanol, if it is to become feasible, further research is required in solving some economic constraints of biomass supply [56] . For switchgrass, a number of economic issues, including its profitability, values of soil quality improvements and carbon credits, and storage and environmental risk, still remain even if yield uncertainty, fertilizer requirements and stand life are resolved [160] . Feasibility studies of promising solutions, such as pre-processing of biomass, are also required [20, 56] .
The current policy regime will not lead us towards a higher reliance on renewable or alternative fuels based on cellulosic feedstocks. An assessment of alternative policy pathways is critical to our energy future. We need to develop a better understanding of the consequences of alternative policy pathways just as we need to develop the technology pathways [36, 37] .
As one final comment on the economics of biofuels, the USA and the world is facing a major technological problem of developing sustainable substitutes for the world's non-renewable and environmentally risky use of petroleum. Given the slow response to this problem, a Manhattan-type project is required where a number of parallel research avenues are undertaken with the objective of then selecting the optimal path. Such parallel avenues are biofuels, electric power and hydrogen fuels. By allocating resources to all of their avenues, the objective is to speed up the production and vehicle penetration of alternatives. The opportunity cost of such an allocation is lost funding for other research projects. In terms of biofuels, by crowding out other biotech research, such as environmentally sound genetic engineering on perennial crops in an effort to develop cellulosic-based ethanol, there are potentially significant opportunity costs. These opportunity costs should be taken into consideration when allocating such funds.
